with a thermo-TDR (time domain reflectometry) probe. Constant heat input during a small time interval (15 s) is used to emit a heat ically complicated, and measurement-intensive.
pulse from a line heat source. Asymmetry in the thermal field near the Byrne et al. (1967 Byrne et al. ( , 1968 first applied heat as a tracer tion is that they require constant heat input for relatively theory and measurements for the point-source instrument ) and a double-valued calibration curve for the line-source instrument (Byrne et D etermining water movement in soil is critical for al., 1968). managing irrigation and drainage and for characRecent developments in heat-pulse techniques for terizing chemical transport processes. Soil water flux measuring soil thermal properties suggest that the in-(flux density) can be measured using a soil water flux struments developed by Byrne et al. (1967 Byrne et al. ( , 1968 can meter (e.g. Cary, 1970; Dirksen, 1972 Dirksen, , 1974 ; however, be improved. Campbell et al. (1991) and Bristow et al. these meters are sophisticated and subject to problems, (1994) used heat-pulse sensors that employed a relaincluding the localized nature of the measurement, distively short (8 s) heating time. This approach for delivruption of the soil during installation, and interruption ering the heat impulse has been shown to cause minimal of normal patterns of soil water flow (Wagenet, 1986) .
soil water redistribution in unsaturated soil (Noborio et al., 1996; Bilskie, 1994) . In addition, the sensors em- (Marshall, 1958) or thermal front advection velocity equidistant, hypodermic needles lying in a common (Melville et al., 1985) , which is expressed as plane and each containing a heater wire and a thermocouple. We hypothesized that the thermo-TDR probe
[3] may provide a means of measuring soil water flux density. If a heat impulse is emitted from the center needle, and indicates that the thermal front moves slower than the the outer needles can be used to monitor temperature liquid. The heat pulse velocity may be interpreted as the changes as a function of time. If the probe is aligned so weighted average of the velocities of heat through the liquid that the plane of the needles is parallel to the direction phase and through the stationary porous medium (Marshall, 1958) . The heat velocity lags behind the front of the liquid of soil water flow, the flow field will distort the temperaphase because, under the assumption of thermal homogeneity, ture responses observed at the outer (now upstream heat from the liquid phase is absorbed instantaneously by the and downstream) needles. This temperature asymmetry porous medium at the thermal front (Melville et al., 1985) . may provide information regarding the soil water flux. If the thermo-TDR probe can be used successfully in this capacity, it would improve upon the instruments of General Solution Byrne et al. (1967 Byrne et al. ( , 1968 The objectives of this study were to (i) develop a medium. Carslaw and Jaeger (1959, p. 258) give the analytical heat transfer model that characterizes the thermal field solution around a line-source heater in soil with a uniform water flow field, (ii) develop an appropriate algorithm for
[4] relating water flux density (J) and pore water velocity (V w ) to the measurements obtained with a thermo-TDR for a line source parallel to the z-axis and located at (x, y ) ϭ probe, and (iii) provide an experimental evaluation of method suggested by Melville et al. (1985) for estimating
The solution for an infinite line source in an infinite moving groundwater velocity from distortion in the thermal medium can be developed by paralleling the derivation for a field around a sensor which consisted of a point heat point heat source in Section 10.7 of Carslaw and Jaeger (1959) .
source surrounded by a circular array of thermistors.
In the element of time dtЈ at time tЈ, qdtЈ heat units per unit length are emitted from the infinite line source. The temperature at time t at (x, y, t ) due to the heat qdtЈ released per unit THEORY length at tЈ is
Heat Transfer Equations
For a homogeneous, isotropic, infinite medium moving with uniform velocity in the x direction, the equation for combined heat conduction and convection is (Carslaw and Jaeger, 1959, where ϭ c␣ is the thermal conductivity (W m Ϫ1 ЊC Ϫ1
). p. 13) Next, we consider heating of the infinite line source at the rate qЈd tЈ over the interval 0 Ͻ t Յ t 0 . Here, qЈ is the heat input per unit length per unit time (W m Ϫ1 ), and the corresponding ‫ץ‬T ‫ץ‬t ϭ ␣Ј
source strength becomes QЈ (m 2 ЊC s
Ϫ1
). Integrating Eq.
[6] (Carslaw and Jaeger, 1959, p. 261) and making use of the where T is temperature (ЊC); t is time (s); ␣Ј is thermal diffusivsubstitution s ϭ (t Ϫ tЈ) yields a general solution for the ity (m 2 s Ϫ1 ); U is velocity (m s Ϫ1 ); and x, y, and z are space coortemperature at (x, y, t ) dinates.
Equation [1] is valid only for a single-phase system. For a multiphase system, for example, an incompressible porous
medium with a liquid moving uniformly through it with pore water velocity V w , Eq.
[1] becomes where
where ␣ is the thermal diffusivity of the multiphase system, and Equations [10] and [13] can then be used to compute the difference between the temperature distributions at the downstream and upstream positions: 
[18]
and where
΅· ds [19] upstream from the line source, Eq.
[7] becomes and
where
΅· ds [20] and Equation [18] indicates that the dimensionless temperature difference is a function of both ␣ and V. Graphical examination
΅ ds [15] of this solution with x d ϭ x u ( Fig. 1 ) reveals that the MDTD is insensitive to variations in ␣, but nearly proportional to variations in V (Fig. 2) . Mathematically, the MDTD is expressed as the voltage drop across a precision resistor. Voltage drop was used to determine the current applied to the heater.
Measurements in agar-stabilized water (Campbell et al., 1991) (Fig. 4) were packed with soil material collected reveals a nearly unique relationship between MDTD and V from the A horizons of a Hanlon soil (coarse-loamy, mixed, (Fig. 3) 
MATERIALS AND METHODS
upon the stopper tightly. A syringe then was used to inject The Thermo-TDR probe consisted of three parallel hypoliquid wax into the annular gap between the pipe and the soil. dermic needles, each enclosing a line heater and a thermocou-
The wax seal was used to prevent the possibility of water flow ple. The rods were 1.3 mm in diameter and 40 mm in length along the column boundary. The top of the column was sealed and spaced 6 mm apart. The heaters were made from 75-mwith another stopper. Four layers of cheesecloth were placed diameter enameled Evanohm wire (Wilbur B. Driver Co., between the stoppers and the soil to ensure uniform flow Newark, NJ), and the thermocouples were chromel constantan across the entire soil cross-section. The thermo-TDR probe type. After the heaters were pulled into the rods and the was inserted into the soil horizontally from a precut slot, and thermocouples were placed at the midpoint length, high-therthe space between the probe and the pipe was filled with wax. mal-conductivity epoxy was drawn into the rods to provide a Experiments were conducted in a constant temperature water-resistant, electrically insulated probe. See Ren et al.
room (20ЊC). Each soil column was saturated by introducing (1999) for additional details regarding probe design and conwater at the bottom and then gradually increasing the hydraustruction.
lic head of the water supply. Soil thermal properties were A heat pulse was generated by applying constant current determined in the absence of water flow (J ϭ 0). A nonlinear to the central heater for 15 s with a direct current supply regression method (Welch et al., 1996) was used to estimate (Model 1635, B & K-Precision, Maxtec International Corp., ␣, c, and from the temperature-by-time data. Chicago, IL). A datalogger (Model 21X, Campbell Scientific, A range of soil water fluxes was obtained by imposing Logan, UT) was used to control the heat input through a relay different hydraulic gradients. When flux was constant, a heat and record the upstream and downstream temperatures at 1-s pulse was applied and temperature-by-time data were reintervals for 120 s. The datalogger also was used to record corded. The same protocol was used to obtain measurements for all soil materials and water flux densities. Heat pulse duration was fixed at t 0 ϭ 15 s, and measured heat inputs fell in the range qЈ ϭ 49.4-50.0 W m Ϫ1 . Apparent spacings between the center needle and the outer needles of the thermo-TDR probe were determined to be 5.75 and 6.01 mm. The probe was oriented so that x d ϭ 5.75 mm and x u ϭ 6.01 mm for measurements in the sand and sandy loam, and x d ϭ 6.01 mm and x u ϭ 5.75 mm for measurements in the clay loam. Measurements of column outflow were used to determine J.
RESULTS AND DISCUSSION
Thermal properties of the saturated soil materials were measured with J ϭ 0 ( Table 2 ). The magnitude of measured c values follows the order clay loam Ͼ sandy loam Ͼ sand. Differences in c were largely the result of differences in the bulk densities of the soil materials (Table 1) . Measured c values compare favorably with those predicted using the model of de Vries (1963) . The magnitude of measured and ␣ values follows the order sand Ͼ sandy loam Ͼ clay loam. These differences were the results of differences in bulk density as well as differences in soil mineralogy. The differences in the sand volume fraction of quartz likely followed the order sand As anFor all soil materials, temperature at the upstream ticipated, increases in flux resulted in greater temperaand downstream positions rose rapidly in response to ture rises at the downstream position and smaller temheating and then decreased gradually after reaching a perature rises at the upstream position for all soil maximum (Fig. 5) . Differences between the temperamaterials. Temperature rises at both upstream and ture changes at the upstream and downstream positions downstream positions also appeared to be proportional for J ϭ 0 are due to the fact that there were slight to water flux. Separation of the temperature curves indidifferences in the upstream and downstream probe spaccates that distortion of the thermal field by water flow ings (x u ϶ x d ). For example, in the sand with J ϭ 0 (Fig. can be detected satisfactorily with the sensor arrange5a), the maximum change in dimensionless temperature ment provided by the thermo-TDR probe, at least for was greater at the downstream position than at the upthe range of soil water fluxes examined in this study. stream position. This resulted from the downstream Inasmuch as differences in temperature rise appear to probe spacing (x d ϭ 5.75 mm) being smaller than the be greatest near the maxima of the curves, it seems upstream probe spacing (x u ϭ 6.01). Maximum changes in dimensionless temperature of 0.52 (sand), 0.45 (sandy Table 2 logical to use some measure of maximum temperature uniquely to flux. As discussed earlier (see Fig. 1 ), the rise to estimate flux. maximum of the difference between the temperature Differences in the magnitude of temperature rise betraces (MDTD) must be used to remove the influence tween soil materials at J ϭ 0 (Fig. 5) are direct results of ␣. of differences in ␣ between soil materials (Table 2) .
Equations [10] and [13] , along with known values of Higher ␣ values resulted in greater temperature rises.
J and estimated values of ␣ and (Table 2) , were used Thus, maximum temperature rise alone, either at the to predict changes in temperature at the downstream upstream or downstream position, cannot be related and upstream positions, respectively. Excellent agreement between measured and predicted temperature change was observed for the sand (Fig. 6 ). For the sandy loam ( Fig. 7 ) and clay loam (Fig. 8) , predicted and measured values matched well at smaller soil water fluxes. For larger fluxes, the theory overestimated change in temperature at the downstream position and underestimated change in temperature at the upstream position. Deviations between predicted and measured temperature changes exceeded 10% for the sandy loam with J Ͼ 2.40 ϫ 10 Ϫ5 m 3 m Ϫ2 s Ϫ1 and for the clay loam with J Ͼ 2.73 ϫ 10 Ϫ5 m 3 m Ϫ2 s Ϫ1 . The rather systematic nature of these deviations suggests that the model (Eq. [10] and [13] ) may have limitations at higher fluxes. One possibility is that the condition of thermal homogeneity begins to fail as flux increases. It is also possible that the assumed heater geometry becomes inappropriate with increasing water flux. Kluitenberg et al. (1995) determined that an infinite line source provides an excellent approximation of the finite, cylindrical heater of the thermo-TDR probe, but their analysis was restricted to the case of J ϭ 0. Other possible explanations for the deviations between measured and predicted temperature changes are flow distortion due to the needles of The dimensionless temperature measurements pre- sented in Fig. 5 were used to compute MDTDs between the MDTDs in Fig. 9 because our thermo-TDR probe had unequal apparent probe spacings (x d ϶ x u ). the downstream and upstream positions, as a function of J (Fig. 9) . It is encouraging that the relationships A limitation of the instruments suggested by Byrne et al. (1967 Byrne et al. ( , 1968 was that calibration was required to between flux and measured MDTDs are nearly linear for the three soil materials. Predicted MDTDs were relate instrument response to soil water flux. Calibration essentially required determination of for the soil matecomputed as a function of V, heat pulse velocity, using Eq. [21] and estimated values of ␣ ( Table 2 ). The results rial in which an instrument was placed. The same limitation is encountered in using the thermo-TDR probe were plotted as a function of J (Fig. 9, lines) by using Eq.
[3] to obtain J from V. Also required in Eq. [3] along with the theory presented herein. Recall that dimensionless temperatures are given as 4T/qЈ in Fig (Table 2) .
5. Thus, in order to compute a value of MDTD, must be known in addition to qЈ and temperature rises at the Although reasonable agreement between measured and predicted MDTDs was observed for the sand, preupstream and downstream positions. In addition, c and (c) ᐉ are required to obtain the MDTD-J relationship dicted MDTDs overestimated the measured MDTDs for the sandy loam and clay loam (Fig. 9) . Melville from the MDTD-V relationship. We have shown, however, that the method of Bristow et al. (1994) can be et al. (1985) and Feldkamp (1996) also observed that theoretical results overpredicted the measured reapplied to thermo-TDR probe measurements to obtain in situ estimates of and c, provided a zero flux condisponses of heat-based groundwater flow sensors. Their analysis was based upon heat transfer models similar to tion can be achieved. Use of the thermo-TDR probe also provides TDR-based measurements of , thus allowing the one presented herein. The discrepancies between predictions and measurements in Fig. 9 are directly redetermination of pore water velocity in addition to soil water flux. lated to the discrepancies noted in Fig. 7 (sandy loam) and Fig. 8 (clay loam) . Lack of fit in Fig. 7 and 8 in-
The thermo-TDR probe, as employed in our experiments, certainly causes less distortion of the water flow creased with increasing flux, and the same trend is observed in Fig. 9 for both soil materials. On the other field than the instruments employed by Bryne et al. (1967 Bryne et al. ( , 1968 . But only the needles of the thermo-TDR hand, good agreement between predictions and measurements in Fig. 6 (sand) resulted in the reasonable probe were placed in the flow pathway in our experiments. Some distortion of the flow field can be expected agreement between predicted and measured MDTDs (Fig. 9) . Despite the lack of universal agreement bewhen the needle housing also lies in the flow pathway. We anticipate, however, that this distortion will be mitween measured and predicted MDTDs, the results of these initial experiments provide encouraging evidence nor in comparison with that caused by the instruments of Byrne et al. (1967 Byrne et al. ( , 1968 . The needle housing of the that MDTD may prove to be a useful means of estimating soil water flux and pore water velocity.
thermo-TDR probe is relatively small with respect to the length of the probe needles. And, because the Equation [21] was used to plot the predicted MDTDs in Fig. 9 . Although computation of this integral presents thermo-TDR probe was not originally designed for the purpose of flux measurements, it may be possible to no special problems, avoiding this computation in practice would be desirable. Herein lies the value of the modify the probe design to further minimize flow distortion. relationship presented in Fig. 3 . The MDTD-V relationship apparently can be approximated with a single curve Although our experimental work was limited to measurements in water-saturated soil materials, there ap-(slightly nonlinear) for a wide range of ␣. This would eliminate repeated evaluation of Eq. [21] . However, it pear to be no limitations to using the proposed method for water flux measurements in unsaturated soil. But is important to recognize that use of the relationship depicted in Fig. 3 would require a thermo-TDR probe this remains to be verified experimentally. The degree of saturation most certainly will impact the upper and constructed such that x d ϭ x u . We used Eq.
[21] to plot lower limits of flux detection that can be achieved with and an assessment of the practical upper and lower limits for quantifying flux. this method. This is revealed by Eq. [3] . The value of
The proposed method improves upon the approaches c, which varies strongly with , will determine how the suggested by Bryne et al. (1967 Bryne et al. ( , 1968 by reducing disupper and lower measurement limits of V will translate tortion of the water flow field and minimizing heatto upper and lower measurement limits for J. Failure induced soil water redistribution. Inasmuch as soil therof thermal homogeneity will determine the upper limit mal properties can be measured with the thermo-TDR for measuring V. The lower limit of detection for V will probe, it appears that calibration (determination of soil be determined by the resolution with which measurethermal properties) can be achieved easily in the abments of MDTD can be obtained. Additional experisence of water flow. Thus, it may be possible to avoid mentation with a broader range of water fluxes will the calibration problems encountered with the instrube required to define practical upper and lower limits; ments of Bryne et al. (1967 Bryne et al. ( , 1968 . however, a simple analysis of Eq. [21] yields insight regarding the lower limit. A lower limit of V ≈ 9 ϫ 10 Ϫ7
